Non-protein-coding DNA comprises the majority of animal genomes but its functions are largely unknown. We identified over 17,000 different tetranucleotide pairs in the Drosophila melanogaster genome that are over-represented at distances up to 100 nt in conserved non-exonic sequences. Those exhibiting the highest information content in surrounding nucleotides were classified into five groups: tRNAs, motifs associated with histone genes, Suppressor-of-Hairy-wing binding sites, and two sets of previously unrecognized motifs (DLM3 and DLM4). There are hundreds to thousands of copies of DLM3 and DLM4, respectively, in the genome, located almost exclusively in non-coding regions. They have similar copy numbers among drosophilids, but are largely absent in other insects. DLM3 is likely a cis-regulatory element, whereas DLM4 sequences are capable of forming a short hairpin structure and are expressed as ∼ 80 nt RNAs. This work reports the existence of Drosophila genus-specific sequence motifs, and suggests that many more novel functional elements may be discovered in genomes using the general approach outlined herein.
Introduction
The majority of metazoan genomes are comprised of non-proteincoding sequences, the extent of which increases with increasing developmental complexity, in contrast to protein-coding sequences which remain relatively static and are largely orthologous [1] . It is widely accepted that, not withstanding lineage-specific innovations and splice variants, most of the evolution of adaptive radiation and higher developmental complexity occurs in increasingly sophisticated regulatory sequences that control the deployment of the protein components during differentiation and development [2] . These regulatory sequences are generally assumed to operate in cis by their interaction with sequence-specific transcription factors and other regulatory proteins, although recent genome-wide transcriptomic analyses have shown that the majority of all animal genomes are transcribed into non-coding RNAs (ncRNAs) apparently in a developmentally regulated manner [3] , which suggests that these RNAs form a major component of the regulatory architecture of multicellular organisms [4, 5] .
It is also clear that a significant proportion of non-coding sequences are functional, as evidenced by the presence of evolutionarily conserved blocks within them, which in mammals and insects easily exceeds the extent of similarly conserved protein-coding sequences [6, 7] . Many of these sequences also exhibit conservation of predicted RNA secondary structure [8] [9] [10] . Moreover, regulatory sequences show quite variable rates of evolution and therefore extent of recognizable conservation, depending on the phylogenetic distances between the species being compared. This is evidenced on the one hand by the aptly named ultraconserved elements (UCEs), which are almost invariant in the amniote lineages and far more highly conserved than most proteincoding sequences [11, 12] , and which appear to act as enhancers that control core developmental processes, possibly via an RNA intermediate [13] . On the other hand many transcriptional promoters and certain types of regulatory non-coding RNAs appear to undergo very rapid evolution/turnover of their sequence [14] [15] [16] [17] , because of adaptive radiation and/or less stringent structure-function relationships, to the point where sequences that retain a high degree of orthologous function (to direct gene expression to particular tissues at particular developmental stages) may have lost any overt primary sequence similarity [18] or retain only small patches thereof [15] , depending on the degree of evolutionary separation. Thus while recognizable conservation imputes function, the relative lack thereof does not impute lack of function. Moreover it is evident that some types of regulatory elements have been exapted in particular lineages, in some cases from ancestral sequences that are transposon-derived [19] [20] [21] [22] [23] [24] , and consequently have undergone a corresponding subsequent change in their evolutionary rate/slowing of their molecular clock under increased purifying selection for their acquired and now advantageous functions [12] .
However, while comparative genomics has revealed a much greater extent of likely functionality in the expanding non-coding portion of metazoan genomes than previously suspected, the extent and range of functional elements, which are presumably mainly regulatory, are unknown. It has been assumed that most regulatory elements are recognized by regulatory proteins, which normally bind relatively short motifs that have identifiable consensus sequences. However many of the overtly conserved blocks are significantly longer than might be expected for such sites or even clusters of such sites (e.g. UCEs approaching a kilobase in length) and there are increasing numbers of regulatory ncRNAs whose conservation signatures may extend and undulate over longer distances, and which may be recognizable as a class only by shorter motifs that occur at particular distances. This is exemplified by box C/D and box H/ACA small nucleolar RNAs (snoRNAs) which have two separated short type-specific sequence motifs, PuUGAUGA/CUGA and ANANNA/ACA, respectively [25] .
Different statistical approaches can be used to identify functional elements within non-coding regions of the genome, the majority of which have focused on enrichment and clustering of certain motifs or short sequences [26] . Here we present a new approach which is designed to detect linked oligonucleotide sequences separated by significantly longer distances than generally used in other motif searches (up to ∼20 nt for motif lengths) (see e.g. [27] ) as the basis for identification of new extended motifs and/or new subclasses of functional RNAs. The approach involved identification of all overrepresented tetranucleotide pairs (N2 standard deviations above background) in conserved non-coding non-repetitive sequences, determination of a position-specific scoring matrix (PSSM) for those showing high information content in surrounding nucleotides, and the use of this PSSM at a high threshold score to identify instances of the motif in the genome with minimal false positives. The use of tetranucleotides maximizes specificity within computationally manageable complexity, and longer sequence motifs can be represented by overlapping combinations of tetranucleotides. Our strategy focused on relatively long conserved sequences to enrich for functionally relevant sequences, but it is also likely that there are others that occur outside of these sequences and await identification.
Materials and methods

Genome assemblies and annotations
The April 2006 Drosophila melanogaster draft assembly of Berkeley Drosophila Genome Project Release 5 and FlyBase genome annotation release 5.3 were used for this study. The assembly versions of other genomes used in this study are listed below, and were downloaded from the University of California Santa Cruz (UCSC) genome browser [28] 
Non-exonic and non-repeat conserved sequences
Conserved regions were defined as the phastCons elements [6] from the UCSC genome browser, and any phastCons elements overlapping exons and repeats (RepeatMasker and Simple Repeat tracks) were excluded from the dataset, hereafter referred to simply as 'non-exonic' sequences. PhastCons elements from chrU, chrUextra, chr2LHet, chr2RHet, chr3LHet, chr3RHet, chrXHet, chrYHet and chrM were also excluded.
Counting the occurrences of tetranucleotide pairs
In this study, we searched for frequently occurring sequence elements by extending over-represented tetranucleotide pairs (which we refer to as the 'pattern-core') into longer sequence motifs (Fig. 1A) . A pattern-core of co-dependent tetranucleotides is denoted as ABCD-N m -XYZW, where each of A,B,C,D,X,Y,Z and W represents one of the four nucleotides, and N m stands for a genomic distance of length m between these two tetranucleotides, which was limited to a maximum of 100 nt. The total number of all possible combinations of tetranucleotide pairs is 32,896 (merging reverse-complementary pairs), with each pair having 101 possible pattern-cores as a consequence of the distance between them. Thus, counting the occurrences of all tetranucleotides pairs with different distances resulted in a table of 32,896 rows (reverse-complementary ditetranucleotide pairs were merged) and 101 columns (genomic distances from 0 nt to 100 nt). For the instances of pattern-cores within conserved non-exonic regions, tetranucleotides only within conserved non-exonic regions are taken into account, but the spacer sequences do not necessarily have to be within conserved non-exonic regions.
Over-represented di-tetranucleotide pattern-cores
In this work, an over-represented pattern-core occurs when the number of non-exonic conserved instances is over two standard deviations greater than the average instances of the 20 surrounding pattern-cores, i.e., at distances from m − 10 to m + 10 for the same tetranucleotide pair (Fig. 1B) . For distances m b 10 and m N 90, the first and last 20 bp windows were used. Any pattern-cores that have less than 50 non-exonic conserved instances were also excluded due to the difficulty in calculating the number of highly constrained bases in small sample sizes.
Screening over-represented pairs by information content
For each over-represented pattern-core, the pattern-core sequence (the two core tetranucleotides and the in-between sequences) plus the upstream and downstream 50 nt were extracted. These sequences were aligned and the overall information content ('bitscore') for each position R(i) was calculated by the formula below where f A,i , f C,i , f G,i and f T,i denote the frequency of A, C, G and T, respectively, at the given position i [29] .
In each alignment, by definition, the eight positions corresponding to the nucleotides of the two core tetranucleotides always have the highest bit-score (2.0) and, in some alignments, positions close to the core tetranucleotides also exhibited high bit-scores (Fig. 1C) . Considering that the overall bit-score for a position whose dominant base occupies approximately 50% of the whole frequency is ∼ 0.2, we regarded any position with a bit-score of ≥0.2 as a constrained position. Subsequently, the 71 pattern-cores that have ≥20 constrained positions were chosen for further analysis.
Defining extended motifs
Alignments of each of the 71 selected pattern-core instances plus their upstream and downstream flanking 50 nt were submitted to the motif finding algorithm, MEME [30] . For the options, the minimum motif length was set to the number of columns in the alignment displaying strongly constrained bases (i.e., bit-score over 0.2), and the maximum motif length was set to the minimum length + 10. The identified longer motifs were represented by position-specific scoring matrices (PSSMs) (Fig. 1D) .
Scoring sequences based on the PSSM
Each sequence of non-exonic instances of a pattern-core that was extended into a longer motif was scored by the corresponding PSSM. Each nucleotide in a sequence was given the score assigned to the same nucleotide in the corresponding position in the PSSM for the motif. The overall fitness score of the sequence to the PSSM was calculated as the sum of the individual scores.
Sequence shuffling
The non-exonic instances of each selected pattern-core along with the flanking sequences corresponding to the start/end of its extended motif were shuffled while the positions of the two core tetranucleotides were kept intact.
Genomic scanning for extended motifs
The fitness scores of all non-exonic instances of each selected pattern-core to its corresponding extended motif were compared to those of shuffled instances that kept the two core tetranucleotides intact. The fitness scores of non-exonic instances of each dataset show bimodal distributions (Figs. 1E and F) , which differentiate true instances of the motif from background noise where the same tetranucleotide pattern-core has occurred by chance. The bars in the left-hand side of the fitness score graphs are reminiscent of shuffled instances which display a normal distribution. Thus, a value corresponding to two standard deviations above the average fitness score of shuffled instances, which in most cases falls in the trough between the peaks, would theoretically allow for a ∼2-3% false positive rate. This value was consequently applied to the genomic scanning for extended motifs as the threshold value. However, in pattern-cores associated with some extended motifs (ACCC-N 34 (Fig. 1F) . In such cases, using the threshold selection scheme described above resulted in large numbers of false positives due to the fact that the average +2 standard deviations is still far below the lowest fitness score of the signals. In these cases, threshold values were selected so as to only detect the instances unlikely to occur by chance, as validated by the tRNA results (see below).
Comparison of the motifs with known regulatory motifs
Motifs derived from over-represented pattern-cores with high information content were compared with known regulatory motifs in JASPAR [31] and Drosophila DNase I Footprint Database [32] . The PSSMs for motifs in those databases were downloaded along with the MEME Suite (http://meme.nbcr.net), and the comparisons between PSSMs were carried out by TOMTOM [33] .
Scanning for motif sites and comparison between other genomes
A pattern searching software, scan_for_matches [34] , was used for the genomic scanning for the motif sites with the PSSMs available in Supplementary Text S1. Syntenically conserved motif sites between different Drosophila species were identified using liftOver from the UCSC genome browser [28] .
Structural analysis
Sequences of each of the DLM4a sites were extracted along with 100 nt of flanking sequence. The minimum free energy (MFE) of RNA folding was measured within sliding windows of lengths 20, 25, 30, 40, 60, 80 and 100 nt starting from every fifth position by the RNAfold program from the Vienna RNA Package [35] .
Gene Ontology (GO) analysis
Genes containing motif sites (within the gene or within 10 kb of its annotated boundaries) were extracted and analyzed with the GOTermFinder [36] for enriched GO terms.
Conservation score retrieval
Conservation scores for the nucleotides within and around motif sites were retrieved from phastCons score data [6] of the UCSC genome browser by using the Biopieces toolkit (www.biopieces.org).
Northern hybridization analysis
Two 20 nt long sequences that occur most frequently in DLM3 and DLM4a motifs were selected to design probes to search for RNA molecules that may be transcribed from these sites. Probes were made against both the selected motif sequences and their reverse complements, as it was unknown which strand may be transcribed. Probe sequences for DLM3 and its reverse-complement, and DLM4a and its reverse-complement were AGTTCGTTGCCTAAGTCTTT, AAAGACT-TAGGCAACGAACT, CAACGTGGCGTATGCGTAAT and ATTACGCA-TACGCCACGTTG, respectively. Total RNA was extracted from Drosophila S2 cells, late embryos (12-18 h), larvae, pupae and adults using TRIZOL reagent (Invitrogen). The RNA was separated on 7% denaturing polyacrylamide gels, transferred to Hybond-Nx membranes (GE Healthcare) using a semidry transfer cell apparatus, and cross-linked using the EDC method developed by the Hamilton Laboratory [37] . Northern blotting was carried out as described by Nelson Lau from the Bartel Laboratory, [http://web.wi.mit.edu/ bartel/pub/protocols/miRNA_Nrthrns_Protocol.pdf]. In brief, the pre-hybridization/hybridization buffer contained 5× SSC, 20 mM Na2HPO4 pH 7.2, 7% SDS, and 2× Denhardt's solution. Blots were pre-hybridized for at least 2 h at 50°C, then probes which had been end-labeled with α-32P dCTP using terminal transferase (New England Biolabs) were added to the hybridization chamber and incubated with the blots overnight at 50°C. After four washes with non-stringent wash buffer containing 3× SSC, 25 mM NaH2PO4 pH 7.5, and 5% SDS, the blots were given a final wash with 1× SSC and 1% SDS for 5 min. The membrane was then exposed to a phosphoimager overnight and scanned.
BED files of motif sites
The coordinates of DLM3, DLM4a and DLM5 sites in the genome (BDGP Release 5, April 2006 assembly) are provided in Supplementary Tables S1-3, as supporting information in BED file format suitable for UCSC genome browser.
Randomization of motif sites
The genomic sites of DLM3 and DLM4a were randomized to estimate a background distribution. The randomized motif sites were randomly picked genomic loci with the same number of sites as the motif in question (excluding chrU, chrUextra and chrM). Motif sites in exons were ignored due to their small numbers. The distribution of the randomized motif sites in conserved intronic, non-conserved intronic, conserved intergenic and non-conserved intergenic regions were kept the same as those of the motif in question.
Results
Identification of enriched tetranucleotide pairs
We searched conserved non-exonic non-repetitive regions (see Materials and methods) of the D. melanogaster genome for pairs of tetranucleotides that appear to be over-represented at specific intertetranucleotide distances and therefore may be indicative of functional motifs (see Materials and methods). We examined all possible 32,896 tetranucleotide pairs (merging reverse complementary pairs) on both strands to obtain the numbers of conserved non-exonic instances of each of the pattern-cores represented by two tetranucleotides separated by a spacer sequence ranging from 0 to 100 nt in length (Fig. 1A ), a total of over three million permutations.
Restriction of the initial search to conserved sequences (as opposed to the genome as a whole) affects the distribution of observed distances between two tetranucleotides: pairs separated by short distances have higher frequencies of occurrence than pairs separated by longer sequences (see examples in Figs. 1B and 2A). Consequently, we assessed the relative enrichment of each patterncore by comparing it to the moving average (+/−10 nt, see Materials and methods). From millions of pattern-cores, 17,578 were found to be significantly enriched on the basis that their frequency exceeded 2 standard deviations above the local background excluding those pattern-cores having less than 50 instances. This enrichment is underestimated by the fact that the moving average is locally biased upwards by over-represented pattern-cores, although it does filter out some peaks associated with very short repeats that are not annotated by RepeatMasker. The approach also compensates to a large extent for variation/local bias in base composition because the enrichment was calculated for the same tetranucleotides separated by different lengths, as illustrated by the two examples in Figs. 1B and 2A where the background frequencies differ by approximately 5 fold between two different tetranucleotide pairs but prominent peaks stand out from the background for each pair.
The majority of the over-represented pattern-cores are closely spaced: 17,318 (98%) have distances of 5 nt or less between tetranucleotides, and almost all (17,544) are separated by no more than 10 nt. However, in 19 pattern-cores the tetranucleotides are separated by 40 nt or more indicating that enriched co-occurrence of short sequences within conserved non-exonic regions can also occur over longer distances than usually analyzed. Although the patterncores enriched over long distances tend to have fewer instances in conserved non-exonic regions than these separated by short distances (just 4 out of 19 pattern-cores separated by 40 nt or more are present in greater than 100 instances), at least some of them mark functional elements (see below).
The use of conserved non-exonic sequences increases the specificity of the initial search. For example, the CTAG-TCCC pair shows a prominent peak at a distance of 43 nucleotides within conserved nonexonic sequences ( Fig. 2A) . This peak is not as enriched when all conserved sequences are searched, despite a doubling in the total number of instances of the pattern-core (Fig. 2B) . Moreover, the peak is not evident in searches of the non-conserved part or the whole genome (Figs. 2C and D). Subsequent analysis showed that the motif associated with the CTAG-N 43 -TCCC pattern-core detects two species of tRNAs (see below).
Separation of signal from noise
The criteria of enrichment used in our analysis (two standard deviations above the background average) implies that even in a random set there will be many pattern-cores that meet the criteria due to natural statistical fluctuations or compositional bias, especially when the starting set exceeds 3 million. To address this problem, we employed additional filtering in order to enable (a) the identification of pattern-cores that have high information content in their surrounding nucleotides and are therefore putative functional elements, and (b) the use of this information (in the form of a position-specific scoring matrix) to distinguish the subset of sequences within a particular pattern-core that contain extended motifs with high information content from those that do not (i.e., that have the di-tetranucleotide pattern-core by chance) (Figs. 1E and F) .
We calculated the information content in adjacent positions for each of 17,578 distinct pattern-cores that show enrichment in conserved non-exonic regions and selected the 71 pattern-cores that exhibited 20 or more constrained bases within and around the core tetranucleotides (see Materials and methods). Each of the 71 selected pattern-cores was then extended into a longer motif using MEME [30] , defined by a position-specific scoring matrix (PSSM) (Fig. 1D) . The fitness scores of the initial non-exonic pattern-core instances along with the flanking sequences corresponding to its extended motif show a well-resolved bimodal distribution that separates the instances of true motif sites from those that have the two core tetranucleotides at the same distance by chance (see Materials and methods and Figs. 1E and F). This trend was also clearly observed from the pattern-core instances sampled from the whole genome (Supplementary Text S2). The PSSM for the extended motif was then used directly for scanning for all instances of the extended motif across the entire genome with a certain threshold value (Supplementary Table S4 and Supplementary Text S1). The threshold value was chosen to allow up to ∼ 2-3% of false positives (see Materials and methods), thus most instances of individual patterncores that have fitness scores corresponding to the background level do not overlap with motif sites identified in genome by the corresponding PSSM.
Each PSSM representing its corresponding extended motif was compared with all other PSSMs using TOMTOM [33] in a pairwise manner. Any two motifs were judged to be similar to each other when the e-value, representing the similarity between the motifs, was ≤10 −5 , which resulted in the majority of the 71 motifs being clustered into three major groups comprising 10, 18 and 40 motifs, and three unique motifs.
Motifs mapping to tRNAs
The first group comprising 10 extended motifs identified seven types of tRNAs in D. melanogaster (Table 1) with no false positives. Six of the ten motifs detected all annotated tRNAs:Pro and tRNAs:Glu, another detected all annotated tRNAs:Pro and tRNAs:Glu except one of the latter, and the motif extended from the pattern-core CTAG-N 36 -GTTC detected all annotated tRNAs:Pro, tRNAs:Glu, tRNAs:His and one un-annotated tRNA. The motif extended from the pattern-core CGGG-N 7 -CCCG detected all tRNAs:Pro and most tRNAs:Glu and tRNAs:Gly as well as 4 tRNAs:Ala, and that extended from GACC-N 23 -TACC detected all annotated tRNAs:Lys and tRNAs:Cys as well as tRNAs:Pro. To our knowledge these co-dependent positional conservation of nucleotides have not been previously reported, despite the intense study of tRNAs over many years, and may be useful additions to tRNA search algorithms (see below). These results also provide a proof-ofprinciple that our approach is able to identify functional sequences within the genome that have co-dependency of short nucleotide stretches over intermediate distances.
The extremely high levels of both selectivity and sensitivity are due to the stringent threshold values for genomic scanning for those motif sites. The numbers of instances of the pattern-cores is larger than those of the motif sites. For example, the number of conserved non-exonic instances of the pattern-core CTAG-N 43 -TCCC is 94 ( Fig. 2A) . However, the extended motif derived from the patterncore has 42 sites that are all tRNAs of specific classes with no false Fig. 2 . Increased specificity by restricting the search space to the conserved non-exonic (and non-repeat) regions. X axes show the distances between the two tetranucleotides CTAG and TCCC, and Y axes show the number of instances of each pattern-core built by CTAG and TCCC. (A) The CTAG-TCCC pair has a clearly outstanding peak at 43 nt within conserved non-exonic regions (indicated by the black arrow), which is more pronounced than in all conserved sequences (B), and absent or indistinguishable in non-conserved sequences (C) or the whole genome (D). Table 1 Drosophila tRNAs detected by the identified motifs. negatives (Table 1) , particularly considering that the search for these motifs was extended across the entire genome (i.e., not restricted to conserved sequences). This result indicates that about half of the initial 94 conserved non-exonic instances of the pattern-core CTAG-N 43 -TCCC are background noise, and that the use of the PSSM with the appropriate threshold for the extended motif largely or completely eliminated this noise and false positives, while also maintaining a low to zero false negative rate. Surprisingly, the same PSSM with the same threshold score detected tRNAs in other species. For example, the extended motif of CTAG-N 43 -TCCC detected 39 out of 42 annotated tRNAs:Pro in Caenorhabditis elegans, and 20 out of 21 annotated tRNAs:Pro in human (Table 2 ).
Motifs mapping to histone genes
Two other motifs that were extended from the pattern-cores CCCT-N 4 -AGGG and GGTC-N 8 -GACC have instances only downstream of certain histone genes. The CCCT-N 4 -AGGG was extended into a 108 nt motif that has 23 instances overlapping 3′ end of all 23 copies of His2B in the D. melanogaster genome assembly. The sites of the extended motif of GGTC-N 8 -GACC are either located 30 nt downstream of all copies of His3 or overlapping with 3′ end of His4 genes annotated on chr2L. Two more motif sites are mapped downstream of two histone pseudogenes, His-Psi:CR31754 and His-Psi:CR33867. Its occurrence in our dataset is a consequence of the duplication of these histone genes, which show almost identical downstream sequences, although this particular element is conserved in other drosophilid species, which explains its specific identification (as opposed to the surrounding duplicated sequence) in the first screen for overrepresented tetranucleotide pairs in conserved regions. Its significance is unknown.
Long motifs specific for Drosophila euchromatin
The majority of the remaining 59 motifs fell into two major groups, which we have termed DLM3 (comprising 18 related motifs) and DLM4 (comprising 40 related motifs), and one other, termed DLM5 (Supplementary Table S5 ). The graphical representations of the consensus motif of DLM3, a representative motif of DLM4 and DLM5, generated by WebLOGO [38] are shown in Figs. 3A,B and 4A, respectively. These motifs all have consensus sequences ranging from 25 to 37 nt which is significantly longer than the lengths of conventional protein-binding sites [39] . They also have no significant similarity to known motifs stored in JASPAR [31] , and no overlap with annotated transcription factor binding sites in REDfly 2.0 database [40] . However, comparison of the PSSMs for the 59 motifs with those of known protein-binding sites obtained from the Drosophila DNase I Footprint Database [32] showed that the consensus sequence of the DLM5 motif is well aligned (E-value: 0.004) with that of the Suppressor of Hairy wing (Su[Hw]) binding sites (Fig. 4) (see below) .
DLM3
The motif DLM3 encompasses 18 closely related motifs that detect overlapping subsets of sites (Supplementary Table S5 ). In all, these motifs identify 1722 sites, which may include an accumulation of false positives. However, a large subset is recognized by at least any 11 of the 18 motifs, from which a new consensus motif (PSSM) could be built that recognizes this subset. That is, it was possible to derive a single 32 nt consensus motif (Fig. 3A) for DLM3 whose PSSM (Supplementary Text S1) yields 521 motif sites in the D. melanogaster genome at a stringent threshold score of 2000. In contrast to tRNA or DLM4 (see below) the DLM3 sequence does not have a pronounced predicted RNA secondary structure.
DLM3 sites have non-uniform distribution across the genome. They occur only in euchromatic regions of long chromosomes and are absent in pericentric heterochromatin and chromosome 4 ( Table 3 ). The enrichment of the DLM3 sites within euchromatin is compared to the 1000 sets of randomized DLM3 sites (see Materials and methods), but none of the randomized sets has motif sites exclusively in euchromatins (P-value ≪ 0.001).
Somewhat surprisingly, DLM3 sites are present in regions of intercalary heterochromatin [41] (Table 3) . Intercalary heterochromatin shares some features with pericentric heterochromatin: both are under-replicated in polytene chromosomes of salivary gland, form chromosomal breaks, replicate during late S-phase and show evidence for deep inactivation [42] . In addition, DLM3 sites are heavily depleted from non-conserved sequences. Out of 521 sites, 378 (73%) have at least 80% of their bases within phastCons elements, while conserved non-exonic regions occupy only 22% of the genome (Figs. 3E and F) [6] . The conserved blocks harbouring the motif sites have a strong preference for a length of 20-40 nt. The sites of DLM3 tend to be within conserved blocks of length similar to the length of the motif, and the level of conservation declines quickly outside of the motif (Fig. 3C) .
DLM3 sites are strongly clustered. In 38 loci, comprising 81 sites, the distance between adjacent sites is less than 1 kb, and in 36 loci the sites have the same orientation. More than half, 318 sites, are located less than 10 kb from each other, significantly shorter than expected from their average separation (∼230 kb, genome-wide). Statistically significant clustering (p-value ≪ 0.001) was observed over distances up to 20 kb comparing to the average of the 1000 sets of randomized DLM3 sites which kept same bias towards conserved intronic regions, non-conserved intronic regions, conserved intergenic regions, and non-conserved intergenic regions (see Materials and methods) (Fig. 3H) . The biggest cluster contains 11 DLM3 sites within 60 kb, and is located within the first two introns and upstream of dumpy (Fig. 5A) , a gene encoding a giant 22,971 aa membrane protein involved in the control of epithelial morphogenesis and cuticle composition and function [43] . The nine DLM3 sites in the second largest cluster are located around the Serrate gene (Fig. 5B ) whose product acts as a ligand for Notch receptor [44] . Seven DLM3 sites are present within 48 kb region (chrX:4,905,400-4,953,400 in dm3 coordinates) upstream and within the first intron of ovo. This gene encodes a zinc finger transcription factor involved among other processes in the regulation of cuticle development. Changes in the cisregulatory transcriptional control of ovo plays a pivotal role in larval morphology between sibling species from the melanogaster subgroup [45, 46] .
No DLM3 sites were detected in coding regions (Fig. 3F ) but a small number (14; 2.6%) were mapped to the untranslated regions (UTRs) of 12 protein-coding mRNAs including TNF-receptor-associated factor 4 (Traf4) and forked. The Forked protein binds to actin and is involved in cuticle pattern formation including bristle morphogenesis [47] .
We compared the location of known D. melanogaster regulatory elements from the REDfly database [40] with the location of DLM3 sites. Out of 521 DLM3 sites, 12 (2.3%) are located within 11 annotated cis-regulatory modules (CRMs) associated with four genes. The REDfly2.0 contains 665 CRM entries occupying slightly less than 1 Mb of the D. melanogaster genome (0.8% of assembled euchromatin) and the majority of the entries come from the euchromatic part of the genome. Thus, the DLM3 motif has 2.9 fold enrichment within Table 2 tRNA genes detected by the motif derived from the pattern-core CTAG-N 43 regulatory regions described in REDfly database. We randomly placed 521 sites across the D. melanogaster genome maintaining the proportion of hits overlapping conserved regions (see Materials and methods) and only in 26 out of 1000 cases found 12 or more sites within regulatory regions from REDfly (P = 0.026) indicating that the observed enrichment is statistically significant. Six DLM3 motif sites are located in regulatory regions downstream of decapentaplegic (dpp) [48] , a key morphogen controlling Drosophila development [49] . Four DLM3 sites map within the upstream regulatory regions of the Serrate (Ser) gene [50] and form part of the second largest cluster of DLM3 sites (Fig. 5) . One DLM3 site maps to the upstream enhancer of the engrailed (en) gene [51] required for body segmentation, and another is located in the 5′ regulatory region of Distal-less (Dll), the gene encoding homeodomain-containing protein required for limb development [52] . Gene Ontology (GO) enrichment analysis [36] also indicates that DLM3 is associated with certain types of developmental genes: of 402 genes that contain DLM3 sites within or adjacent (within 10 kb) to them, 231 have assigned GO terms, and are enriched for developmental genes such as imaginal disc development, ectoderm development and leg disc development (Supplementary  Table S6A ). Nearly identical results are obtained when the analysis is restricted to DLM3 sites within 5 kb of annotated genes.
We analyzed the distribution of DLM3 in the genomes of other insects. The available assembled genomes were scanned with the PSSM of DLM3 with same threshold value that was used for analysis of the D. melanogaster genome. All analyzed drosophilid genomes contain comparable numbers of motif sites (Fig. 6B ), many in syntenic or syntenically adjacent positions, even in distant species such as D. virilis (Fig. 6C ). This is exemplified by the seven DLM3 sites around the Serrate gene in D. virilis of which five are syntenically conserved and other two are in similar syntenic positions (Fig. 5C) .
Surprisingly, non-drosophilid insects (at least those whose genomes have been sequenced) have very few detectible DLM3 sites (Fig. 6B) . Analysis of the Anopheles gambiae (mosquito) genome detects just 10 sites (two sites in Apis mellifera and three sites in Tribolium castaneum), which is close to the estimated level of noise expected at the threshold score of 2000, and all 10 sites occur in regions that are un-alignable to the D. melanogaster genome. It is possible that other insects harbour divergent versions of DLM3 which are slightly different from motifs found in drosophilids and hence escaped detection at high threshold. If so, we would expect that scanning at a more permissive threshold would produce more hits in other insects than in D. melanogaster. However scanning with the DLM3 matrix at the much lower threshold, 1000, identified 60 
DLM4
There are 40 related motifs whose PSSMs find overlapping sets of sites in the D. melanogaster genome (Supplementary Table S5) , although this set is larger and more diverse than DLM3. Using all motifs we found 7904 instances (at the specified thresholds), a number which may include an accumulation of false positives, but individual motifs only find a subset of instances, many of which substantively overlap, but some of which do not (Supplementary Table S5 ). The motif derived from the pattern-core CGCA-N 0 -TACG (hereafter referred to as DLM4a; Fig. 3B ) detects the highest number of sites, 4475 copies that occupy 4407 genomic loci, a substantial proportion of which are also detected by other DLM4 motifs (at least 46.7% and 74.1% on average; Supplementary Table S5) . Among these other 39 DLM4 motifs, a motif extended from CGTA-N 0 -TACG shows median similarity to DLM4a (sharing 75.9% of its motif sites), and another one extended from ATAC-N 0 -GCCC shows minimal similarity (sharing 46.7% of its sites). Those two are termed DLM4b (2074 loci) and DLM4c (1250 loci), respectively. Consensus sequences for all three motifs determined by MEME are 28, 30, and 26 nucleotide long, respectively.
DLM4a sites, like DLM3 sites, have a strong preference to be located in euchromatic non-coding regions. Only 16 (0.4%) of the DLM4a sites are found outside of euchromatin (two in heterochromatic regions and 14 in the unassembled part of the genome), which is below the number of possible false positives, and 99% are in non-coding regions. They are also depleted from euchromatic regions adjacent to pericentric heterochromatin (data not shown), but surprisingly are enriched in intercalary heterochromatin (Table 3 ). Like DLM3, DLM4a sites are biased to phastCons elements (Figs. 3D and G) , but are less clustered than DLM3 sites (data not shown).
GO analysis shows an enrichment of DLM4a sites with genes encoding receptors and signalling pathways (Supplementary Table  S6B ), but this is not distinguishable from that of randomized DLM4a sites that are equally biased to conserved intronic/intergenic regions, although this does not mean that such enrichment is irrelevant. In addition, DLM4a shows a high potential to form a short hairpin structure (Fig. 3I) , as does DLM4b which shows an obvious palindromic sequence. The predicted length of the most stable predicted short hairpin is 20-30 nt (Fig. 3I) which is in agreement with the preferred length of the phastCons elements (Fig. 3D) . DLM4a is also well conserved among drosophilids although the number of syntenically conserved sites decreases more than DLM3 as the evolutionary distance increases (Fig. 6) . In the D. melanogaster subgroup, at least 80% of the motif sites are found in syntenically conserved regions. Even in D. virilis, which is distantly related to D. melanogaster, 30% of the DLM4a sites are found in syntenic positions. However, like DLM3, the numbers of sites found in other sequenced insect species are orders of magnitudes less than those found in drosophilids and none of these sites resides in regions that are syntenic with D. melanogaster (Fig. 6 ).
DLM4b and DLM4c sites show generally similar features in their preferences for non-coding regions, euchromatin, phastCons elements and syntenic conservation. While DLM4b shows an even higher potential of short hairpin structure due to its obvious palindromic feature, DLM4c shows the least preference for the phastCons elements.
DLM5
DLM5 comprises a single motif of 27 nt built around the pattern-core GTAG-N 1 -ATAC (Fig. 4A ) and has 487 copies in the genome with the selected threshold (Supplementary Table S4 ). Comparison of its PSSM with those of known protein-binding sites suggested that DLM5 is highly similar to the binding sites of su(Hw) gene product (Fig. 4B) . Su(Hw) is known to bind to the gypsy retrotransposon to regulate its expression [53] and has been shown to act as an insulator [54] . A PSSM generated from 42 experimentally determined Su(Hw) binding sites in the Adh region shows remarkable similarity to DLM5 (Fig. 4B) . Among 16 DLM5 sites located in the Adh region, 9 overlap endogenous Su(Hw) binding sites and 4 overlap with the Su(Hw) site with lower P-value [54] . Indeed the only difference between DLM5 and the Su(Hw) site is the predominance of A at position 11 in the PSSM of the former. However, we also find other enriched pattern-cores similar to DLM5 that have other nucleotides [notably T, similar to the PSSM of the Su(Hw) site] at that position (data not shown). Furthermore, other features of DLM5 sites, such as the elevated phastCons scores (Fig. 4C) , enrichment in noncoding regions (481 out 487 sites are within non-coding regions) are in agreement with those of endogenous Su(Hw) sites [54] . Moreover Su (Hw) has orthologs only within drosophilid species [54] , consistent with our finding that DLM5 is specific to Drosophila (Figs. 6B and C) . Therefore, most if not all DLM5 sites may be bona fide Su(Hw) binding sites.
Analysis of composition bias within motif sites
It is possible that the identified long motifs have arisen as a consequence of nucleotide bias. To address this question we calculated the frequencies of di-, tri-and tetranucleotides for the conserved non-exonic (and non-repetitive) fraction of Drosophila euchromatin and compared them with corresponding frequencies for DLM3, DLM4a and DLM5 sites. We used the conserved non-exonic fraction because long motifs are biased to this fraction, and conserved elements appear to differ in nucleotide composition from nonconserved sequences [26, 55, 56] . Frequencies were calculated on unmerged sequences. Comparison of frequencies between the conserved non-exonic fraction and motif sites revealed that most over-represented di-, tri-and tetranucleotides within the motif sites of DLM3, DLM4 and/or DLM5 differ from the most abundant sequences within conserved non-exonic regions as a whole (Supplelementary Tables S7A-C) . For instance, the relative frequency of AGAC, one of the core tetranucleotides of DLM3 pattern-cores, within DLM3 sites is 3.5%, while it is only 0.46% in conserved non-exonic regions. Moreover, the most abundant di-, tri-and tetranucleotides are different for each long motif. In some cases the di-, tri-and tetranucleotides that are abundant in conserved non-exonic fraction of the Drosophila genome are under-represented within long motif sites. For example, the tetranucleotide AAAA is most abundant in the conserved non-exonic fraction of the genome but its occurrence is 7 fold lower within DLM4a sites. The sequence AAAT represents the second most abundant tetranucleotide in the conserved non-exonic regions but its frequency within DLM3 sites is nearly 4 times lower. This analysis suggests that DLM3, DLM4 and DLM5 motifs do not occur as a simple consequence of the gross nucleotide composition bias of the conserved fraction of the Drosophila genome.
Detection of RNAs containing DLM motifs
We tested whether DLM3 and DLM4 sequences may be expressed as RNAs. Two 20 nt sequences and their reverse-complements that occur most frequently in the DLM3 and DLM4a sites, respectively, were used as probes (see Materials and methods) to interrogate Northern blots containing RNAs extracted from S2 cells, embryos, pupae, larvae and adults. All probes detected multiple faint bands of various sizes in pupae RNA (Figs. 7A-D) , suggesting non-specific binding, whereas the probe for the reverse-complement of DLM4a showed a strong band of ∼ 80 nt in size in all RNA extracts (Fig. 7D) , which is in agreement with the size of regions with elevated phastCons scores around the 17 DLM4a sites that contain the probe sequences (Fig. 7E) . In fact, for 1661 DLM4a sites (37%), the median phastCons score, including upstream 50 nt, is equal to or greater than 0.9, indicating that evolutionarily more conserved sequences are frequently found upstream of many DLM4a sites, and may also be part of expressed RNAs.
Expansion of the methods
While we selected the 71 pattern-cores that exhibit the highest information in the surrounding nucleotides, it is likely that more of the remaining ∼ 17,000 over-represented pattern-cores can be extended into longer motifs. To do this, we drew upon two key features that emerged from the 71 pattern-cores: (i) the high level of fluctuation in the bit-score distributions and (ii) the bimodal versus uni-modal distributions of the fitness scores of the original and shuffled instances of pattern-cores, respectively. The higher fluctuation level in the bit-score distribution is reflected in the greater number of positions with constrained nucleotides versus informationpoor sequences that have relative uniform low bit-scores at every position ( Fig. S1 in Supplementary Text S3). To identify more information-rich motifs associated with over-represented patterncores, we used the standard deviation (σ) of the bit-score as a simple Fig. S2 in Supplementary Text S3) . Therefore, we selected 143 more pattern-cores that show a similar level of fluctuation in bit-score distributions (σ ≥ 0.1). Along with this, we also selected 362 pattern-cores that show bimodal fitness score distributions for further analysis. 103 pattern-cores were shared by the two sets, so in total 402 pattern-cores were chosen and extended into longer motifs using MEME for analysis. The detailed methods are described in the Supplementary Text S3. In summary, the 402 newlydefined motifs include 10 motifs for tRNAs, and one more motif associated with downstream of His3 and His4. They also expanded the number of member motifs of the DLM3, DLM4 and DLM5 sets to 29, 311 and 18, respectively. The 92 motifs that did not belong to any of the previously defined families (tRNAs, Histone gene clusters, DLM3, DLM4 and DLM5) were grouped into 18 families named (DLM6-DLM23), some of which are associated with known functional motifs. Further detail of this additional analysis is provided in the Supplementary Text S3.
Discussion
We searched for potentially functional motifs within the D. melanogaster genome using a set of consecutive filters applied to enriched di-tetranucleotide pattern-cores. Restriction of the primary search to conserved non-exonic sequences facilitated detection of pattern-cores associated with functional elements in the D. melanogaster genome. Although this approach does not cater for flexibility in the distance between the tetranucleotides due to indels, and therefore may miss some sequences that show such flexibility, it is sufficiently sensitive to identify many patterns that are over-represented and that may contain functional elements. The specificity of the subsequent search for such elements in the genome as a whole was significantly increased by incorporation of flanking information and the use of PSSMs rather than the pattern-cores themselves, as demonstrated by the 10 motifs that identify tRNAs with high accuracy and specificity, providing proof-of-principle for the approach.
Besides known functional sequences (tRNAs and Su[Hw] binding sites) we have identified at least two previously unidentified motifs in the conserved non-exonic regions of the D. melanogaster genome. Those motifs are longer than majority of protein-binding sites or known regulatory motifs in Drosophila [39] . A recent study described 233 motifs varying in length from 12 to 22 nt located in conserved regions of the human genome [57] , only 16 of which have similarity to known regulatory elements. Interestingly, 17% of long human motifs form palindromic or nearly palindromic sequences [57] similar to DLM4. The lengths of all motifs described in this study exceed the length of known long human motifs [57] . Even though we cannot rule out the possibility that many of the 17,578 enriched pattern-cores could be the result of statistical noise, the higher information content that we identified in the surrounding nucleotides and used for further filtering and the fact that the highest scoring 71 pattern-cores based on the information content were clustered into five groups, tRNAs, His-associated motifs, DLM3, DLM4 and DLM5 (Su[Hw] binding sites), three of which are drosophilid-specific, indicates that the motifs identified in this study are unlikely to be artefacts. Moreover, the tetranucleotides used for the pattern-cores of DLM3 and DLM4 and DLM5 are at least several times more frequent within motif sites than conserved non-exonic regions which also indicates that the abundance of those pattern-cores are unlikely to have been affected by background tetranucleotide frequencies. It is also possible that some motifs may be part of non-annotated repeat sequences, depending on one's definition of a 'repeat' sequence, but in any case they exist in a highly non-random pattern, and it is known that transposon-derived sequences and other repeats can form regulatory elements and networks (see also below).
Enrichment of these long motifs within conserved non-exonic sequences strongly suggests that they have regulatory functions, either as conventional cis-acting protein or RNA binging sites or as trans-acting RNAs. The sites of DLM3 are highly clustered in the D. melanogaster genome and enriched within annotated regulatory regions. Its relatively low copy number as well as co-localization of long clusters with developmental genes suggests that DLM3 might be associated with the regulation of particular class of genes. The total number of genomic loci of the DLM4 motifs is several thousands which is comparable with enrichment of most copious long human motifs one of which associated with insulator activity [57] .
All motifs are highly specific for euchromatic regions of long chromosomes and absent or depleted in heterochromatin and on chromosome 4. Some data indicate that chromosome 4 of D. melanogaster originated from pericentric heterochromatin [58] . Chromosome 4 has higher A+T content than euchromatic regions and differs in its sequence signatures from other chromosomes. It is enriched in 9-bp-long G+C-rich motif GTGGGCGTG [59] , one of the very few known examples of motifs associated with a particular chromosome, which has been hypothesized to be linked to the Painting of fourth (Pof) autosome-specific gene involved in global regulation of chromosome 4 [60, 61] .
Both DLM3 and DLM4 were found only in drosophilid species and are absent in the other three insect genomes studied. Did they appear and propagate specifically within drosophilids or were lost in other insects? Because all three non-drosophilid species are independent out-groups for drosophilids, the emergence of motifs in the Drosophila lineage is the most plausible hypothesis because it is the most parsimonious -the disappearance of motifs requires three independent events in bees, beetle and mosquito lineages. However, it poses another question concerning their origin and propagation in the drosophilids.
As discussed above, these Drosophila genus-specific motifs most probably represent functional elements. Apparently, in the early evolution of drosophilids these sequences were acquired or exapted [62] a (new) function and as a result were subjected to selection. There are two possibilities as to how these motifs were propagated in the genome: the sequences evolved into motifs independently at each genomic position driven by positive selection, or the motifs were propagated by copying into new positions, and fixed by negative selection. Such copying could occur within transposons as apparently has occurred in mammals [63] . The presence of DLM3 clustered in the same orientation over short distances suggests a recent propagation of some sites through local duplications.
There are a number of well-documented cases of exaptation of transposon-derived sequences into functional elements in vertebrates [19] [20] [21] 24, 64] but in most cases the exapted regulatory elements are represented by relatively long sequences which are either unique in the genome or present in relatively small numbers. In contrast here we observe the appearance of sequences which are significantly shorter and present in high copy number in the Drosophila genome. However none of the DLM3 sites overlap annotated transposons in Drosophila and only two DLM4a sites overlap annotated LTR and LINE transposons, in each case by only 3 nucleotides on the border of the motif sites. In fact, DLM3 and DLM4 occupy unique niches: the motifs have high information content which results in a low number of false positives in genomes of non-Drosophila insects; in contrast the PSSMs for the majority of known regulatory motifs (which are mainly protein-binding sites) are very short and detect high numbers of sites in the genome, which may be a prime reason why genus-specific motifs were not detected earlier.
What is the function and mechanism of action of these motifs? The palindromic nature of the DLM4 sequences that could form a short hairpin structure suggests that these motifs might function as RNAs, which is supported by the Northern hybridization data. We were unable to find any evidence that DLM3 motifs are present as stable RNAs, which suggests that they may rather function as regulatory elements, consistent with their association with cis-regulatory modules.
Whatever their function, the motifs represent to our knowledge the first example of appearance and proliferation of relatively long motif sequences in a group of species presumably due to gain of function or exaptation. Identification of this phenomenon was only possible because of the availability of multiple genomes within a genus, and the high information content of the motifs, which allow stringent discrimination between signal and noise. We have analyzed and described only 71 pattern-cores (or 473 including the additional analysis) that exhibited the highest information content (sequence constraint). However, these are only 0.4% (2.7% for 473 pattern-cores) of the 17,578 enriched pattern-cores, and we expect that there will be many other motifs within this larger set that have interesting properties and that mark other functional sequences. Moreover, even these required that both tetranucleotides reside in phastCons elements separated by no more than 100 nt, which undoubtedly removed many others, especially if one of the tetranucleotides is more constrained than the other. In addition, use of different sliding windows for calculation of the moving average and standard deviation, or allowance for indel flexibility in the inter-tetranucleotide distance, will produce different sets of enriched pattern-cores, with those having high information content in adjacent positions being prime candidates for the discovery of new motifs.
This approach has the potential to uncover many previously unrecognized functional elements within not only the Drosophila genome but also sets of other genomes at an appropriate phylogenetic distance. A preliminary analysis of the human genome has identified 34 over-represented pattern-cores with high number of constrained positions, two of which were extended into very similar motifs that combine a previously known human Staf/ZNF143-binding sites and its 5′-associated motif [65] .
It is also evident that many functional sequences, especially regulatory elements or RNAs, will have evolved quickly under both drift and adaptive radiation. These elements will be genus and even clade-specific, not conserved at longer evolutionary distances, and therefore may occupy far more of the genome than is evident from current conservation comparisons. We also suggest that approaches such as that taken here will be required to identify these sequences in a species-specific manner.
Conclusions
As in all animals, the majority of the D. melanogaster genome is comprised of non-protein-coding DNA, whose functions are largely unknown. Assuming that over-represented and conserved sequence elements are likely to be functional, we identified over 17,000 strongly correlated tetranucleotide pairs (pattern-cores), and selected 71 that contain the most highly constrained bases in adjacent nucleotides for further analysis. The derived motifs surrounding the 71 pattern-cores were classified into 5 groups based on their similarity. Three groups are associated with known functional elements: tRNAs, histone gene clusters and Su(Hw) binding sites, providing a proof-of-principle of the validity of the approach, while two others, DLM3 and DLM4, are previously unrecognized. Subsequent analysis of DLM3 and DLM4 motifs revealed that they have hundreds to thousands of copies in the genome, are primarily located in euchromatic non-coding regions and are restricted to Drosophila species, giving rise to the question of how they appeared and became selectively dispersed in that genus. Bioinformatic analysis of DLM3 suggests that it is a regulatory motif that is involved in developmental processes. DLM4, on the other hand, shows a high potential to form a short hairpin structure (∼ 20 nt) and can be detected as RNA in Northern blots. The finding that known functional elements as well as likely functional motifs occur in the selected small subset of 17,000 over-represented pattern-cores indicates that many more such elements remain to be discovered and characterized in the Drosophila and other animal genomes.
